S. A detailed kinetic study of hydroxymethylfurfural, lactulose and furosine formation was performed upon heating milk at temperatures between 90 mC and 140 mC. In case of prolonged heating, formation kinetics could be described by a fractional conversion model. Considering only the first phase of the model, kinetics could be simplified to a pseudo-zero order model. A first assessment of kinetic parameters was made by isothermal experiments. Data were analysed using both a 2-step linear and a 1-step non-linear regression method. Only for furosine, did the global 1-step regression approach seem to give better results than the individual 2-step regression approach. Next, the estimated parameters k ref and E a were reevaluated under non-isothermal conditions by subjecting milk to a time variable temperature profile. Given the complexity of Maillard reaction, it seemed better to estimate kinetic parameters under non-isothermal conditions when using a simplified model. Formation of hydroxymethylfurfural, lactulose and furosine was characterized by an E a value of 90n2 kJ\mol (k ""! m C l 1n2 µmol\l, min), 99n1 kJ\mol (k ""! m C l 51n5 mg\l, min) and 88n7 kJ\mol (k ""! m C l 16n3 mg\100 g protein, min) respectively. Additionally, 90 % joint confidence regions were constructed in order to obtain an accurate representation of the statistical confidence associated with the simultaneously estimated parameters. K : Milk, hydroxymethylfurfural, lactulose, furosine, kinetics, isothermal, non-isothermal, joint confidence region.
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The microbiological contamination of fresh milk necessitates a heat treatment in order to guarantee a safe and shelf-stable product. To induce inactivation of thermoresistant spores and of all pathogenic and spoilage bacteria in milk, thereby making long-term preservation without refrigeration possible, sterilization temperatures between 90 and 140 mC are necessary. The main sterilization processes that can be distinguished are UHT processing (minimum 135 mC\1 s) with direct or indirect heat transfer, and the more classical in-bottle sterilisation (110-120 mC\10-20 min) .
One of the methods used to classify UHT and in-bottle sterilized milk is the turbidity test or Aschaffenburg test, which depends on serum protein denaturation (International Dairy Federation, 1972) . However, this test is reported to be incapable of distinguishing between the two types of milk, for one because some UHT processes now used cause the same degree of whey protein denaturation as conventional 2-stage sterilization (sterilization before and after packaging) (Burton, 1984 ; de Koning, 1984) . Besides, it is a semi-quantitative method, which gives no additional information about the impact of the process, whereas a quantitative measurement of the impact is of great importance in process design, evaluation, optimization and control. One way to distinguish between different heat treatments and, at the same time, to quantify the impact of the process is by time-temperature integrators (Taoukis & Labuza, 1989 ; De Cordt et al. 1992 ; Van Loey, 1996) . To identify these integrators, extensive kinetic studies of components formed, denatured or inactivated under defined temperature-time conditions have to be performed.
The main events occurring upon sterilization are protein denaturation, Maillard reaction and lactose isomerization. Protein denaturation and sugar modification are responsible for the '' cooked '' taste, while the Maillard reaction induces a decrease of the protein nutritional value by irreversible alteration of the lysine residue. Evaluation of the extent of the early Maillard reaction in milk products can be achieved by determination of furosine formed during the hydrolysis of the Amadori product ε-N-deoxylactulosyl--lysine, whilst hydroxymethylfurfural (HMF) is an established indicator for the advanced stage. Isomerization of lactose is followed by measuring the amount of lactulose (4-O-β--galactopyranosyl--glucopyranose) (Corzo et al. 1994 ; Meissner & Erbersdobler, 1996) . Although HMF, lactulose and furosine are well-known heat indicators, applications deal mainly with heat-load evaluation (Clawin-Ra$ decker et al. 1992 ; Morales et al. 1996) or identification of limiting values of thermal damage (Erbersdobler et al. 1987 ; Resmini & Pellegrino, 1994) , and only a few elaborated quantitative kinetic studies, which take different experimental approaches and statistical data-analysis into account, have been published.
In the context of time-temperature integrators for controlling heat processing of milk, the objective of this paper was to perform a detailed kinetic analysis of HMF, lactulose and furosine formation upon heating milk. Formation rate and temperature sensitivity were estimated by isothermal experiments according to two different statistical approaches, namely an individual 2-step and a global 1-step approach. Since integrators represent the integrated impact of temperature and time of a thermal process and industrial processes usually never occur at isothermal conditions, next, kinetic parameters were re-evaluated under non-isothermal or variable temperature conditions. Precision and correlation of the parameters were examined by constructing 90 % joint confidence regions.
   Milk
A lot of fresh raw bovine milk (with approximate concentrations of 13n0 g dry matter\100 g, 35n5 g total protein\l and 43 g fat\l) was purchased from a local dairy farm. The milk was divided into small portions of 50 ml and stored under frozen conditions (k18 mC).
Thermal treatment
Heat treatments took place in the temperature range between 90 mC and 140 mC. Samples of milk were heated in test tubes closed with screw caps (pyrex, 16i160 mm) and immersed in a thermostated oil bath. In the case of isothermal experiments, samples were treated at a constant temperature, while in the case of non-isothermal experiments they were subjected to a time variable temperature profile. An example of such a profile is given in Fig. 1 . Similar profiles were used in each assay, for which time-temperature data were measured at regular time intervals (2 or 15 s) using thermocouples connected to a datalogger (Ellab, TM 9616) . At different pre-set times, samples were taken from the oil bath and immediately cooled in ice water to stop further formation of the chemical compound studied.
Analytical methods
Total HMF content was quantified spectrophotometrically at 443 nm (Pharmacia LBK-Biochrom) using thiobarbituric acid (TBA) as substrate following the method described by Keeney & Bassette (1959) . Concentration of lactulose was determined using a -glucose\-fructose test combination of Boehringer Mannheim (1995). Formation of furosine was measured by reversed phase (RP)-HPLC (Amersham Pharmacia Biotech ; RP-furosine-dedicated column, 250i4n6 mm, Metal-Free, Alltech) essentially according to the method of Resmini et al. (1990) , with the exception that 100 µl of hydrolysate was injected instead of 10 µl in order to increase reproducibility and accuracy.
Data analysis : kinetic parameter estimation
Generally, the rate of a chemical reaction can be described by :
with v the rate of the reaction, C the concentration of the chemical compound formed, t the treatment time, k the reaction rate constant at the temperature studied, and n the order of the reaction. When studying kinetics under isothermal conditions and thus assuming constant extrinsic\intrinsic factors, k can be considered constant in time, and integration of expression (1) gives :
(a) for a first order reaction (nl1): ln
(b) for an nth order reaction:
When concentration C increase is linear as a function of treatment time t, kinetics can be modelled by a zero-order reaction (n l 0) :
The effect of temperature can often be expressed by the Arrhenius relation (Arrhenius, 1889), in which the temperature dependence of the rate constant k is quantified by the activation energy E a (J\mol) according to :
where R is the universal gas constant (8n314 J\mol, K), T the temperature concerned, and k ref the reaction rate constant at reference temperature T ref .
When the plot of concentration v. time exhibits an exponential increase approaching a plateau or a maximal value, formation can be described by fractional conversion, a concept that is widely used in chemical engineering (Levenspiel, 1972 ; Hill, 1977) . In order to determine reaction kinetics, the extent of the reaction or the fraction that has been converted to product has to be known. The fractional conversion f of the reaction is defined as :
what has been formed in a specified time t what can maximally be formed when reaction is completed , with C ! and C _ respectively the initial and maximal concentration. The plot of the logarithm of (1kf ) yields a straight line, resembling first order kinetics. Applying this on eqn (2) gives :
Notice that when formation kinetics are studied under non-isothermal conditions, the integrated effect of temperature on k has to be taken into account, and e.g. eqn (4) becomes :
Statistical analysis All regression procedures were performed in the statistical software package SAS (version 6.12). To verify the validity of the kinetic model and to measure linearity, regression coefficients (R#) and asymptotic standard errors were calculated, and residual plots were checked for the absence of trends or correlations. If the model is appropriate for the data, residuals represent only the experimental error and the residual plot will have a random distribution of positive and negative residuals (Motulsky & Ransas, 1987 ; Straume & Johnson, 1992) . Kinetic parameters were estimated from isothermal data using an individual linear regression approach or alternatively, using a global non-linear regression approach. In the case of nonisothermal experiments, kinetic parameters were calculated by non-linear regression using a numerical integration routine (e.g. Simpson) on the recorded timetemperature profile (Carnahan et al. 1969) .
For the evaluation of the precision and accuracy associated with the estimated parameters, besides 95 % individual confidence intervals, 90 % joint confidence regions were constructed, according to the expression (Draper & Smith, 1981) :
where SSQ represents the error sum of squares at a specific parameter combination, SSQ(θ) the error sum of squares associated with the least squares estimate θ at optimal parameter values, p the number of parameters estimated simultaneously, n the number of observations and F the classical F-distribution with (1k ) the upper quantile ( l 0n1). This equation can be used in case of (i) independent observations and consequently (nkp) degrees of freedom, and (ii) a linear fitting function.
  
In order to facilitate kinetic analysis, HMF, lactulose and furosine formation was followed under isothermal conditions by heating milk at different constant temperatures between 90 mC and 140 mC. At each temperature studied, formation reached a plateau upon prolonged heating and could as such be described by a fractional conversion model according to eqn (6) (Fig. 2) . However, taking only the first phase of the model into consideration, a linear relation between concentration and treatment time was observed (Fig. 3) and formation kinetics could be simplified to a pseudo-zero order model (eqn (4)). The fact that formation kinetics might be modelled using zero-order kinetics, implying that reaction rates are independent of concentration, is rather artificial (cf. the prefix ' pseudo ') and a consequence of either experimental conditions, sampling procedure or the presence of competing or rate-limiting intermediate reactions (O'Brien, 1997) .
Additional to the nature of the model, different regression methods can be distinguished. A common approach is to estimate kinetic parameters from experimental data using an individual 2-step approach (i.e. sequentially plotting C v. t to obtain k, and ln(k) v. 1\T to obtain E a , according to eqn (4) and the logarithmic form of eqn (5)). Advantages of this procedure are that the validity of the model can easily be interpreted graphically and that calculation of the parameters follows directly from the regression. However, by performing successive linear least squares fits on the data, errors of the first regression can influence the exactness of the second regression, resulting in less accuracy and precision of the estimated parameters. Alternatively, a global 1-step approach can be used, in which the model parameters are determined in a single step performing non-linear regression analysis on response values (i.e. substituting k in eqn (4) with the Arrhenius equation). By this global fit the dataset is considered as a whole, which increases the number of degrees of freedom and should make confidence intervals for k ref and E a smaller (Haralampu et al. 1985 ; van Boekel, 1996) . Kinetic parameters estimated on the basis of the pseudo-zero order model using the individual 2-step as well as the global 1-step regression method, together with their standard errors are summarized in Table 1 .
From this table it can be seen that reaction rate constants k increased with increasing temperature, indicating a faster production of HMF, lactulose and furosine at higher temperatures. At 130-140 mC standard errors became rather high, which could be attributed to coagulation and caramelization of the milk at these temperatures, making it very difficult to pipette exactly the required amount of milk for analysis from the heated test tubes. As depicted in Fig. 4 , the Arrhenius equation could be used to fit temperature dependence of k. Corresponding activation energies, although in essence very close to each other, show a tendency of increasing from furosine over HMF to lactulose, indicating the distinction in temperature sensitivity with lactulose being the most sensitive to changes in temperature.
Comparing the individual 2-step and the global 1-step regression methods, based on 95 % confidence level, both approaches seem to be comparable, except for furosine. Some authors indicate the global approach to be more efficient, primarily because in the individual analysis some unnecessary parameters are estimated (Haralampu et al. 1985) , while others concluded that overall, none of the possible methods is convincingly superior to the other and that the performance of a specific regression approach depends on the dataset to which it is applied (De Cordt, 1994 In spite of the great number of studies on HMF, lactulose and furosine formation, sometimes it is difficult to compare data because of : (i) different choice of analytical procedures, e.g. total HMF in milk is traditionally measured colorimetrically with TBA, but also HPLC techniques are available ; (ii) effects of milk composition on concentration of compounds formed during heating. Some authors reported milk fat to protect against heat-induced changes through a decrease in heat transfer (Pellegrino, 1994 ; Morales & Jime! nez-Pe! rez, 1999), but also contradictory results can be cited (Geier & Klostermeyer, 1983 ; de Koning et al. 1990 ) ; (iii) variations in experimental set-up (different temperature range, milk\reconstituted milk powder\ model system, etc.) and (iv) variations in the applied kinetic model.
Taking this into account, our results for HMF, lactulose and furosine formation kinetics are generally of the same order of magnitude as those reported in literature (Table 2) .
Because isothermal experiments represent an idealized situation and most industrial processes usually involve a heating and cooling phase, kinetics were reevaluated under more realistic, variable temperature conditions. Kinetic parameters k ref and E a re-estimated on the basis of non-isothermal experiments and according to eqn (7) are presented in Table 1 . Based on 95 % individual confidence intervals, significant differences were observed between reaction rate constants k ref for isothermal and non-isothermal production of HMF, lactulose and furosine. The E a -values on the other hand, were quite similar.
When the model is linear, individual confidence intervals are exactly defined and symmetric, and their determination is straightforward. A model is linear (in the parameters) if the first partial derivatives of the model with respect to the parameters are independent of the parameters as for the 2-step regression analysis of the isothermal data by eqn (4) and the logarithmic form of eqn (5). However, when applying the global 1-step non-linear regression on the isothermal data or when analysing the non-isothermal data by eqn (7), the model was of a non-linear nature. In that case, resulting individual confidence intervals are only approximate because they neglect the covariances of the simultaneously estimated parameters and assume normal distribution of the parameters. Alternative techniques taking into account the possible correlation between simultaneously estimated parameters, are the Monte Carlo technique and joint confidence regions (Bard, 1974 ; Motulsky & Ransas, 1987 ; Johnson, 1992) . In the present study, 90 % joint confidence regions were constructed in order to provide a realistic estimate of the confidence associated with the parameters calculated by non-linear regression (Fig. 5 a, b, c) . As the joint probability of two events at 95 % probability approximates 90 % (i.e. (0n95)# $ 0n90), the limits of the 95 % confidence intervals for the individual parameters coincide more or less with the extremes of the 90 % joint contour plot (Haralampu et al. 1985 ; Van Loey, 1996) . The rectangular region defined by the individual confidence intervals will approximate to the correct confidence region only if the correlation between k ref and E a is close to zero. No attempt should be made to interpret simultaneously the accuracy of the model parameters by constructing a rectangular joint confidence interval using the separate confidence intervals, because a parameter pair being within the separate 95 % confidence intervals, can be situated far outside of the 90 % joint confidence ellipse and consequently, will be very unlikely to occur. This is clearly discernible in Fig. 5 a, b and c, which represent next to the 90 % joint regions also the 95 % individual confidence intervals. Individual confidence intervals are suitable only to describe the limits of one single parameter, despite the value of the other parameter. Comparison of the 90 % contour plots for the kinetic parameters obtained from isothermal and non-isothermal data, confirmed the significant differences gathered from the individual 95 % prediction intervals. Overlapping of the joint regions would indicate that based on a 90 % significance level, parameters derived under static and variable temperature conditions do not differ from each other. The E a values were more or less the same, but k ref values differed. Consequently, it seems that the isothermally derived parameters are not simply applicable to describe HMF, lactulose and furosine formation under non-isothermal conditions. The joint regions for the isothermally derived parameters were smaller than those for the parameters determined from the non-isothermal experiments, possibly due to a larger dataset gathered in the isothermal experiments (for furosine the number of observations was more or less the same in both experiments).
In order to measure the reliability of the kinetic parameter estimates to predict HMF, lactulose or furosine concentration after heating milk, concentrations predicted by integration of the recorded time-temperature profile using kinetic parameter estimates from both isothermal and non-isothermal data were compared with the experimentally observed ones (Fig. 6 a, b, c) . The correlation between the experimentally determined concentrations after non-isothermal processing and those 
(c) Fig. 6 . Correlation between experimentally determined (exp) concentrations of (a) hydroxymethylfurfural, (b) lactulose and (c) furosine in milk formed after non-isothermal treatment and those calculated (pred) by means of kinetic parameter estimates from isothermal data using 2-step linear ($) and 1-step non-linear (#) regression and from non-isothermal data (=). C o , initial concentration ; C, final concentration.
calculated by means of isothermal kinetic parameters was lower compared with the ones calculated with the non-isothermally derived kinetic parameters. However, for furosine the correlation between the experimental and predicted concentrations became somewhat higher when the isothermal kinetic parameters calculated by the 2-step linear regression were used instead of those obtained by the 1-step global nonlinear regression. This could already be seen in Table 1 when for both regression methods the formation rate constant was compared with the non-isothermally derived k ref value. Moreover, it seems that isothermal kinetic parameters underrated HMF, lactulose and furosine formation under variable temperature conditions because, when applying the isothermally derived model parameters on the nonisothermal data, predicted concentrations were consistently lower than experimentally determined ones. Several potential explanations can be postulated for the observed discrepancy between kinetics estimated under isothermal and non-isothermal conditions. From an experimental point of view, small deviations in temperature and\or time registration can partly explain the difference in k values. With regard to the design, attention should be paid to the length of the temperature profile in the nonisothermal experiments. While the actual aim was to evaluate kinetic parameters of the pseudo-zero order model, it was observed that after a certain treatment time maximal concentration is reached and formation could as such be described by a fractional conversion model. So, when measuring concentrations in the curvature resulting in the plateau phase, non-isothermally derived reaction rate constants will be lower than expected. However, this could not account for the observed differences since the non-isothermally derived k ref values were higher than the ones derived from isothermal experiments (Table 1) .
Another possible explanation is connected with the complexity of the Maillard reaction, rendering modelling and interpretation of kinetics difficult. Published data describe lactose isomerization into lactulose as an irreversible zero-order or firstorder reaction :
while in fact, as expected for an isomerization reaction, the reaction is reversible, and lactulose degrades further to galactose and other constituents :
The mechanism is even more complicated because lactose not only isomerizes into lactulose, but also into very small amounts of epilactose, and both lactose and lactulose are involved in the Maillard reaction (Olano & Calvo, 1989 ; O 'Brien, 1997 ; van Boekel, 1998) . Likewise, the pathway of HMF formation is a complex one. The total HMF amount in milk can be formed by Maillard reaction as well as through the acid-catalysed degradation of lactose via 3-deoxyosulose (van Boekel, 1998 ; Morales & Jime! nez-Pe! rez, 1999) . Furthermore, during the course of the Maillard reaction, HMF formation is dependent upon the availability of lysine residues in both casein and serum proteins. This availability is related to the accessibility of such residues to lactose, which in turn is connected with intermolecular protein interactions (Morales et al. 1995) .
Hence, chemical changes produced during heat treatment of milk are the result of many separate reactions, each with its own kinetics and a different dependence on reaction conditions. Compared with the isothermal experiments, the non-isothermal experiments were each time conducted over a broader temperature range resulting in a different history of the sample. Consequently, different reaction equilibria might have dominated, which could explain the deviation of reaction rate constants under isothermal and variable temperature conditions. Besides, if the rate constant describes multi-step reactions with several rate-controlling steps, deviation from the Arrhenius model may be expected (van Boekel, 1996) . Because our results were taken over a limited temperature range (Fig. 4) , it is rather difficult to say whether the Arrhenius relationship is linear or slightly curved.
Despite the complexity, use of a simple reaction order for complex formation pathways is useful for describing chemical changes during processing or for modelling shelf-life, when knowledge of pure chemistry or mechanism of the reaction is of no importance. From our results, it seems that when using a simple reaction order, the best method to determine overall kinetic parameters appears to be the nonisothermal one.
In conclusion, HMF, lactulose and furosine formation could be described by a pseudo-zero order model, i.e. concentration increased linearly as a function of time. When calculating kinetic parameters k and E a using both a 2-step linear and a 1-step non-linear regression approach, results were comparable and superiority of one of the two methods was not clear.
When isothermally estimated parameters were re-evaluated under time variable temperature conditions, significant differences were observed between reaction rate constants, while activation energies were more or less the same. Results were discussed based on individual confidence intervals as well as on joint confidence regions. As a measure of the reliability of the kinetic parameter estimates to predict HMF, lactulose and furosine formation in milk, concentrations predicted by parameters resulting from isothermal and the non-isothermal experiments were compared with experimentally observed concentrations. It was concluded that estimates from regression on the non-isothermal data were preferred to those from regression on the isothermal data, because the former bring about the best correlation between the predicted and the observed responses under variable temperature conditions, while the latter seem to underestimate consistently the actual formation. 
